Using high intensity beams of fast electrons, the transmission electron microscope (TEM) and scanning transmission electron microscope (STEM) enable comprehensive characterization of rocks and minerals at micrometre to sub-nanometre scales. This review outlines the ways in which samples of Earth and planetary materials can be rendered sufficiently thin for TEM and STEM work, and highlights the significant advances in site-specific preparation enabled by the focused ion beam (FIB) technique. Descriptions of the various modes of TEM and STEM imaging, electron diffraction and X-ray and electron spectroscopy are outlined, with an emphasis on new technologies that are of particular relevance to geoscientists. These include atomic-resolution Z-contrast imaging by high-angle annular dark-field STEM, electron crystallography by precession electron diffraction, spectrum mapping using X-rays and electrons, chemical imaging by energy-filtered TEM and true atomic-resolution imaging with the new generation of aberration-corrected microscopes. Despite the sophistication of modern instruments, the spatial resolution of imaging, diffraction and X-ray and electron spectroscopy work on many natural materials is likely to remain limited by structural and chemical damage to the thin samples during TEM and STEM.
Introduction
CONVENTIONAL transmission electron microscopy (TEM), and the closely related technique of scanning transmission electron microscopy (STEM), can provide microstructural, crystallographic, compositional and electronic information from micrometre to sub-nanometre sized regions of thin samples. Despite the power of these techniques, they have the reputation within geoscience of requiring difficult and timeconsuming sample preparation and of yielding images, diffraction patterns and analytical data that can be interpreted only with extensive knowledge of electron-beam specimen interactions. However, recent improvements in technologies for preparing thin samples of rocks and minerals, coupled with computerization and automation of microscope functions including digital capture and processing of results, has made the technique much more accessible. Here are described the processes of TEM and STEM work, from sample preparation to the various modes of imaging, electron diffraction, and X-ray and electron spectroscopy, hopefully in a manner that is accessible to the non-expert geoscientist. For a comprehensive theoretical and practical account of the interaction of electrons with thin specimens see Loretto (1994) and Williams and Carter (1996) . Descriptions of TEM and related techniques with a geoscience emphasis can also be found in McLaren (1991) and Buseck (1992) , and Putnis (1992) provides a very accessible account of the use of TEM imaging and electron diffraction in mineralogy. Hereafter, '(S)TEM' denotes both the conventional TEM and STEM techniques whereas TEM and STEM are referred to individually where differences between the two techniques are important.
Transmission electron microscopy became an important geoscience tool in the 1970s, when ion beam milling enabled the preparation of high quality thin samples of rocks and minerals. This provided the impetus for research into those processes whose products were observable at micrometre to sub-micrometre scales, for example, exsolution in feldspars and pyroxenes (see review by Champness, 1977) . The last thirty years have witnessed dramatic advances in microscope technologies, leading to the widespread availability of techniques such as STEM high-angle annular dark-field (HAADF) imaging, chemical imaging by energy-filtered TEM (EFTEM) and spectrum mapping using energydispersive X-ray analysis (EDX) and electron energy loss spectroscopy (EELS). One of the most significant recent advances has been in lens design, culminating in the development of microscopes with aberration-corrected optics that can achieve sub-Å ngstrom (i.e. <0.1 nm) point-to-point resolutions (O'Keefe, 2008; Muller, 2009 ). Atomic-scale imaging is crucial for the characterization of advanced functional materials such as superconductors and transistors (Muller, 2009; Urban, 2009) , and so is also central to the burgeoning field of nanotechnology.
Owing to the fine-scale heterogeneity of many Earth and planetary materials, the ability to characterize them comprehensively at the nanoscale is actually a double-edged sword, and the geoscientist must take great care to relate results from (S)TEM back to the bulk sample (Hochella et al., 1999) . This point is emphasized by Williams and Carter (1996) , who estimated that in the time between instruments first becoming commercially available (in the 1950s) and their time of writing, only 0.6 mm 3 of material had been studied by TEM. The present review has therefore been prompted by the development over the last decade of two technologies that greatly enhance the representativeness and relevance of (S)TEM work for geoscientists.
The first is the focused ion beam (FIB) technique, which is used to prepare the very thin samples required for (S)TEM from specific sites on the surface of samples ranging from rough grains to polished thin sections. FIB technology has revitalized interest in (S)TEM amongst geoscientists as the two techniques in combination represent a 'microstructural microprobe'. This is because they enable comprehensive characterization of thin samples that can be extracted from the bulk material with the same spatial accuracy (i.e. better than a few micrometres) as analyses by techniques including electron probe microanalysis (EPMA) and secondary ion mass spectrometry (SIMS).
The second technical development is electron backscatter diffraction (EBSD), which is an SEMbased method whereby electron backscatter (Kikuchi) patterns are obtained from polished samples of rocks and minerals for quantitative characterization of their microtextures (Prior et al., 1999) . The dramatic increase over the last decade in rates of Kikuchi pattern acquisition, and the development of sophisticated software for pattern indexing and data presentation, has stimulated microstructural research in areas ranging from structural geology to biomineralization. Whilst not directly related to (S)TEM, this increasing volume of research has drawn new attention to the wealth of information on crystallization, alteration and deformation that can be obtained from the microstructures and microtextures of rocks and minerals. In fact, EBSD has supplanted (S)TEM in some applications, such as visualizing deformation within single crystals (Reddy et al., 2006) , mapping the textures of polycrystalline samples over tens of micrometre scales (e.g. Watt et al., 2006) , and facilitating the non-destructive identification of new minerals (Mikouchi et al., 2009) , but the two techniques are particularly powerful when used together (e.g. Lee and Ellen, 2008) .
Which method of sample preparation?
One of the principal hurdles to the more widespread use of (S)TEM by geoscientists has been sample preparation. The challenge is to render the sample sufficiently thin so that, when irradiated with an~100À300 kV electron beam, the incident electrons can pass through the sample without being scattered too highly or losing a significant proportion of their initial energy. A suitably thin sample is often termed 'electron transparent'. The target thickness is dependent on the material and the application. For general TEM imaging and electron diffraction work on silicate minerals,~100 nm is acceptable, but for analysis by EELS the samples should contain areas that are thinner (<~50 nm), and atomic-resolution TEM imaging requires regions that are 4~10 nm thick and free of damage to their crystal structure. As lenses are not used to form STEM images, the 2 thickness requirements for STEM samples are typically less stringent than for TEM. Below are described the four main ways in which electrontransparent samples can be prepared from Earth and planetary materials.
Mechanical and chemical comminution
The main method for producing electron transparent samples of insulators prior to the development of ion milling in the 1970s (e.g. Barber, 1970) was grinding them to a powder. Typically the sample is crushed, or a specific region abraded using a drill, and the powder deposited on a carbon film; some of the constituent grains will have sufficient electron-transparent area for study. Mechanical preparation is still used where ion beam techniques are inappropriate owing to their potential for structural damage and compositional modification, for example in the characterization of amorphous layers on chemically 'leached' mineral surfaces (e.g. Casey et al., 1989; Zhu et al., 2006) and high precision EELS work (e.g. Garvie and Buseck, 1999) . If the sample already comprises sub-micrometre sized grains, they can be deposited onto a carbon film for study and without further preparation (Fig. 1a) . This method has been used to study samples including airborne particulates (e.g. Leppard, 2008) and groundwater colloids (Utsunomiya et al., 2009) , and is also ideal for the characterization of the constituents of acid-resistant residues of rocks (e.g. Lee et al., 1995) (Fig. 1a,b) and minerals (e.g. Ma et al., 2002) .
Ultramicrotome
This is the preferred technique for preparation of biological samples, which are typically embedded in a resin block and thin slices are serially cut from its surface using a glass or diamond knife. The ultramicrotome is usually unsuitable for brittle rocks and minerals as it generates fractures and defects, but has been used to make electrontransparent samples of grains enclosed by fungal and algal cells within lichens (Barker and Banfield, 1996) , acid mine drainage sediments (Hochella et al., 1999) and interplanetary dust particles (e.g. Bradley and Brownlee, 1986; Stephan et al., 1994) . A particularly successful recent application has been to prepare thin samples of sub-micrometre sized cometary particles that were captured within aerogel, a very low density silica glass, during the NASA Stardust mission (Fig. 2 ) (e.g. Leroux et al., 2008; Zolensky et al., 2008) .
FIG. 1. Bright-field TEM images of acid-resistant residues of primitive meteorites. (a) A residue containing grains of a wide range of shapes and sizes dispersed over a C film (grey). The film has micrometre-sized holes (white) and is supported by a Cu grid (black). (b) An acid-resistant residue of the Indarch meteorite (EH4 enstatite chondrite). A crystal of nierite (Si 3 N 4 ), which is oriented with its [1120] zone axis parallel to the incident electron beam, rests on the holey carbon film and is surrounded by nanometre sized diamonds. The corresponding SAED pattern (inset) contains spots from the nierite and rings from the nanodiamonds. The innermost ring has a d spacing of 0.206 nm, corresponding to diamond {111} planes.
Ion milling
Ion milling is used extensively to prepare thin samples (hereafter 'foils') of rocks and minerals. Geoscientists typically prepare the foils from thin sections mounted in a resin that dissolves in acetone or when heated (Barber, 1981) . Following extraction from the thin section, the sample is attached to a washer, loaded in the ion mill and bombarded at low angles from above and below, typically with a 45 kV Ar + ion beam but sometimes with neutral atoms, so that it gradually thins by sputtering. It is difficult to mill the foil to a uniform thickness owing to the generation of topography and differential sputtering rates if the sample is coarsely polymineralic. Milling usually proceeds until the sample has been perforated and electron transparent areas are available around the holes. Ion milling is very effective for most silicates and carbonates, but all materials experience some damage and it can be severe for minerals such as halite and sylvite (Barber, 1993) . The impact of an ion or atom will deposit~5 keV of energy into~10 À25 m À3 of the sample, which will be accompanied by a cascade of displaced atoms and a local increase in temperature (5~100ºC of heating, which is greatest on the outermost part of the foil; Barber, 1993) . This damage will produce a thin amorphous and ionimplanted layer on all milled surfaces, which may be susceptible to oxidation. For any one material, the depth of ion implantation and associated damage will vary with accelerating voltage and milling angle; for example, calculations using SRIM software (Ziegler, 2003) show that 5 kV Ar + ions will be implanted up to 10 nm into quartz, even if milling at a very shallow angle of 1.5º. Diffuse scattering of electrons by damage layers will degrade high-resolution TEM images and electron-diffraction patterns, and the presence of oxygen and implanted argon will complicate the interpretation of chemical analyses by EDX and EELS (Barber, 1993) , and EELS valence determinations (Heard et al., 2001; .
Focused Ion Beam (FIB) technique
The FIB technique uses high energy heavy ions, typically 30 kV Ga + , to cut pairs of trenches into the surface of a sample to leave thin relict walls that then can be cut free and mounted as a (S)TEM foil (Fig. 3a) . In the last decade this technique has been used extensively by geoscientists to prepare foils of terrestrial rocks and minerals (e.g. Heaney et al., 2001; Wirth, 2004 Wirth, , 2009 and extraterrestrial samples (Stroud et al., 2000; Zega et al., 2007; . Foils may be prepared from polished thin sections, or from the surfaces of grains extracted from their rock matrices (e.g. Zega et al., 2007) or collected from soils (e.g. M.R. Lee et al., , 2008a (Fig. 3a,b) .
The use of the FIB technique in geoscience has been recently reviewed in detail by Wirth (2009) and so is only summarized below. Currently, two varieties of FIB instrument are in use. The older 'single beam' models use ions for both imaging and milling, with the obvious drawback that the bulk sample and foil will be damaged by ion implantation during imaging. The newer 'dual beam' instruments have an electron gun so that the foil can be imaged at high resolutions and with minimal damage before, during and after ion milling. Foil manufacture using both models is similar, although final sample extraction usually differs. Insulators are coated with C or Au prior to FIB work then a protective strap, typically Pt, is deposited over the area of interest by interaction of an injected organometallic gas with the ion/ electron beam. Ion beam deposition is considerably quicker, but during the early stages of deposition Ga + ions may be implanted into the sample to a depth of tens of nanometres, rendering it amorphous. This problem and ways to mitigate it has been discussed by . In the next stage, a pair of~15À20 mm 6 10 mm wide6~7 mm deep trenches are milled astride the area of interest. The~1000 nm thick sample remaining is then 'polished' using the ion FIG. 3. Images of FIB-produced foils. (a) Secondary electron SEM image of a foil cut from the surface of a weathered alkali feldspar grain. False colouring highlights a fungal hypha (yellow), the foil (pink) and its Pt strap (green). (b) Secondary electron SEM image of a foil that has been cut from weathering products encrusting the surface of a soil alkali feldspar. The foil was milled to electron transparency in situ using a single-beam FIB and fell away after its sides and base had been cut free. (c) Dark-field low-voltage STEM image of a foil that has been placed onto a holey C film using an ex situ micromanipulator. (d) Secondary electron SEM image showing three foils (arrowed) that have been lifted out in situ and welded to the tines of a holder using a dual-beam FIB instrument.
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beam oriented at a glancing angle (~1.5º) to its vertical sidewalls until it attains~100 nm thickness ( Fig. 3a) . At this stage the foil is cut away at its edges and base (Fig. 3b) , lifted out using an ex situ micromanipulator and placed on a carbon film for study (Fig. 3c) . Supporting the foil on a holey carbon film can be problematic as the edges of the holes may be visible in some images, and unless the area of interest lies over a hole the carbon will complicate interpretation of EDX and EELS analyses (Zega et al., 2007) .
Using a dual-beam instrument the foil may be lifted out with an in situ micromanipulator when still~1000 nm thick, then welded to the tines of a holder using ion and/or electron beam deposited platinum (Fig. 3d) ; an alternative method described by Zega et al. (2007) is to support the foil using a set of microtweezers manufactured using the ion beam. Subsequently, the foil is milled to electron transparency and then removed from the FIB for further study. Dual-beam instruments give much better control over the milling process, and as the foil is lifted out in situ, and at~1000 mm thickness, there is much less chance of breakage. This method of mounting the foil also removes any potential deleterious effects of a supporting carbon film on images and analyses. Additionally, all the techniques traditionally associated with SEM (e.g. EDX and EBSD) can be used on a dual-beam FIB with the further advantage that 3D-reconstruction of the sample can be undertaken by serial ion milling and electron imaging, termed 'slice and view' (Wirth, 2009) .
The major advantage of FIB over other preparation methods is that as the foils may be cut from within <1 mm of the desired site on the sample surface, very little material is destroyed in the process (~2300 mm 3 ; Wirth, 2009) , there is minimal differential milling of polycrystalline samples, and the foils can be cut to a uniform thickness. The FIB has found applications including the preparation of foils from submicrometre-sized inclusions within rock matrices Lee and Ellen, 2008) and from the interfaces between different generations of minerals (Seydoux-Guillaume et al., 2003; Zega et al., 2007; Hay et al., 2010) . As the FIB enables cross-sectioning of the outermost few micrometres of rough grains, it can also be used to study coatings of weathering products (e.g. Lee et al., 2008b) (Fig. 3b) and microbes (Obst et al., 2005; Benzerara et al., 2005; Lee et al., 2008a; Bonneville et al., 2009) (Fig. 3a) , and together with surface-sensitive analysis techniques such as X-ray photoelectron spectroscopy to characterize chemical modification to weathered grain surfaces (Lee et al., 2008a) . In common with Ar + ion milling, amorphous envelopes form on all Ga + ion-milled surfaces. For an angle of incidence of 90º, 30 kV Ga + ions will be implanted into quartz to a depth of~50 nm and to a depth of~20 nm even when 'polishing' at a glancing angle of 1.5º (calculated using SRIM software; Ziegler, 2003) . The amorphous envelopes may be thinned significantly by final polishing using lower energy (e.g. 5 kV) Ga + ions, which will be implanted to <~10 nm, or the foil can be polished ex situ using a low energy (<1 kV) Ar + ion mill. The presence of amorphous envelopes on foil surfaces is nonetheless a particular problem if attempting to make <~50 nm thick foils for highresolution TEM imaging or EELS work.
Sample preparation summary
Argon ion milling remains the best technique for making foils with substantial electron transparent areas and containing regions sufficiently thin (<few 10s nm) for high-resolution imaging and high spatial resolution EDX and EELS spot analyses. Damage can be minimized by using appropriate accelerating voltages and milling angles, but if thin samples completely free of milling artifacts are required, then mechanical comminution or ultramicrotome are the best methods. The principal advantages of FIB over argon ion milling are its ability to: (1) cut foils from essentially anything that can be physically accommodated by the instrument and remain stable at high vacuum and under ion bombardment; (2) extract thin samples from within <1 mm of the desired site; (3) rapidly prepare thin samples of a very wide range of materials, from loose aggregates of clays to diamonds (Heaney et al., 2001) ; (4) produce foils of constant thickness (i.e. parallel-sided), which are ideal for EDX and EELS mapping.
TEM and STEM instruments
For (S)TEM work the washer or grid that supports the loose grains, ultramicrotome slices or ion milled foils, is secured in a rod holder, part of which is then inserted, via an airlock, into the electron column. The sample is illuminated using an~100À300 kV electron beam generated from a thermionic source (W or LaB 6 ) or field-emission 6 gun (FEG). Transmission electron microscopy imaging and electron diffraction uses an electron beam that is broad (several micrometres) and for most purposes parallel. Lenses beneath the sample form the image or diffraction pattern that is viewed directly on a fluorescent screen or, more commonly now electronically via a camera located above or below the screen (Fig. 4) . Many modern TEMs can also be operated in STEM mode, whereby the electron beam is converged to a very small probe (sub-nanometre sized for FEG instruments) that can be rastered over the thin sample and images are formed using electron detectors (Fig. 4) . The post-sample optics of the instrument are not used in STEM mode and they are absent altogether from dedicated STEM instruments. Until recently, geoscientists mainly used TEM, but STEM is now finding many applications, particularly for high spatial resolution atomic number (Z) contrast imaging, nanoscale electron diffraction, and EDX and EELS work. For imaging, STEM has the advantage over conventional TEM of delivering a lower electron dose (as the probe is rapidly scanned over the sample), thus facilitating the study of beam-sensitive materials. The STEM technique is also better than TEM for studying thick (i.e. hundreds of nanometre to few micrometres) samples as its image formation is relatively unaffected by chromatic or spherical aberration.
Imaging and electron diffraction with (S)TEM utilize the (predominantly) elastic forward scattering of incident electrons by atomic nuclei in the thin sample (Fig. 5 ). The scattered electrons change direction (mainly by <~3º) but lose very little energy; those electrons that pass close to the nucleus can however be scattered at higher angles (up to 180º, i.e. backscattering) and lose some energy, i.e. scattering is not truly elastic. The two mechanisms by which contrast is generated in (S)TEM images (amplitude and phase contrast) are described below, and examples are given of the different ways in which this contrast can be utilized in geoscience research.
(S)TEM amplitude-contrast imaging
Amplitude contrast is the product of variations in the intensity or angle of electron scattering throughout the volume of the thin sample illuminated by the incident beam. These images are formed by isolating (or 'filtering') electrons that have been scattered over a certain angular range in one of two ways, termed 'bright-field' and 'dark-field'. Bright-field uses the 'direct beam', which contains unscattered and lowangle forward-scattered electrons (Fig. 5) . In TEM mode, these electrons are isolated with the objective aperture whereas in STEM mode an electron detector lying on the optic axis is used (Fig. 6 ). Dark-field images are formed solely from forward-scattered electrons. In TEM mode, the incident beam is tilted so that scattered electrons are accepted by the objective aperture (for crystalline materials typically a single Braggscattered beam), whereas STEM dark-field imaging uses annular (ring-shaped) detectors. These detectors intercept all those electrons that have been scattered over a certain angular range; collection semi-angles of >~0.5 to 3º yield annular dark-field (ADF) images (also termed 'low-angle annular dark-field', or LAADF) whereas semi-angles of~3 to 10º provide HAADF images (Fig. 6 ). The distinction between LAADF and HAADF may be made by using separate detectors ( Fig. 6 ), or by changing the diffraction camera length (effectively the magnification of the diffraction pattern) so that different angular ranges can be captured using a single fixed annular detector. Three properties of a thin sample will determine the intensity and angle of scattering of the incident beam and so its appearance in bright-and dark-field images: thickness (t) and atomic number (Z) (together termed mass-thickness contrast), and Bragg diffraction (only in crystalline materials). The ways in which these properties produce contrast that is useful to the geoscientist are described below.
Mass-thickness contrast
Mass-thickness contrast is an outcome of incoherent elastic scattering of incident electrons by the thin sample, the intensity of which increases with both Z and t. Thus, thicker and higher Z regions of a sample will be relatively dark in bright-field images because a high proportion of incident electrons are being scattered, thus lowering the intensity of the direct beam. Thickness contrast is most important at scattering angles of <5º (Williams and Carter, 1996) and has few geoscience applications, although dark and bright bands produced by thickness variation (i.e. thickness fringes) are characteristic of the wedge-shaped edges of thin samples. Atomic number (Z) contrast imaging is much more useful in geoscience and utilizes electrons that have undergone high-angle (Rutherford) scattering. At scattering semiangles of >~3À5º Z contrast dominates over thickness contrast and, crucially, electrons that have been Bragg-scattered by crystalline material are absent. Although LAADF can be used, contrast in these images may still have a contribution from Bragg scattering, and so Zcontrast imaging of crystalline samples is most effective using HAADF. As the intensity of Rutherford scattering is proportional to Z 1.7À2 (Muller, 2009) , HAADF images can be interpreted qualitatively in the same way as those obtained from a SEM backscattered electron detector (Figs 2, 7a, b) . As the size of the probes used in modern field-emission STEM instruments (typically sub-nanometre, with~0.05 nm probes FIG. 5. Summary of the main signals used for (S)TEM imaging, electron diffraction and X-ray and electron spectroscopy. Modified from Williams and Carter (1996) .
8 available on microscopes with aberrationcorrected probe-forming optics; Muller, 2009) are considerably smaller than the spacing of atom columns, atomic-resolution HAADF images can be obtained by very fine-scale scanning of the probe over a thin sample oriented with atom columns parallel to the microscope optic axis (Fig. 7c) . Atom columns scatter electrons more strongly than inter-atomic areas and so appear bright (high signal intensity) in the HAADF images. Using this technique, single dopant atoms in synthetic materials have been detected (Muller, 2009 ) and as the aberration-corrected STEM has a very small depth of focus, by collecting through-focus images it is possible to locate individual impurity atoms within amorphous and crystalline materials in three-dimensions (Xin et al., 2008) . Owing to the Z-dependence of high-angle scattering, columns of atoms with different atomic numbers can be recognized in HAADF images, although low Z atoms such as oxygen can be hard to identify. Sample requirements for atomic-resolution HAADF are stringent (clean, free of preparation artifacts and <20 nm thick), although less exacting than for atomic-resolution TEM imaging (i.e. high-resolution HAADF is less sensitive to sample thickness and focus). In addition, HAADF images can be understood without the numerical simulations required to interpret correctly the crystal structures seen in high-resolution TEM (Bleloch and Lupini, 2004) . The HAADF technique is a very useful tool for characterizing the constituents of finely polymineralic samples, especially where the minerals of interest have a significantly greater Z than their matrix. Examples of such applications are: (1) locating rare nanometre-sized uraninite grains within atmospheric aerosols (Utsunomiya and Ewing, 2003) ; (2) finding~5À10 nanometre-sized gold nanoparticles within pyrite ; (3) identifying radionuclide-bearing nanoparticles (Utsunomiya et al., 2009) . Zega et al. (2007) , and Bland et al. (2009) have also used HAADF to characterize FIB-produced foils of the very finely crystalline matrices of carbonaceous chondrite meteorites which contain Fe-Ni metal and Fe sulphide grains embedded within a lower Z silicate groundmass (Fig. 7a,b) . Very fine-scale mineral mixtures were also studied during investigation of cometary particles collected by the NASA Stardust mission (Fig. 2) . Atomicresolution HAADF has yet to find many applications in geoscience, but demonstrated how it could be used to help locate Pb within zircon. They showed that the Pb was concentrated in~5 nanometre-sized crystalline patches (within which it had substituted for Zr; Fig. 7c ) and had also diffused into the amorphous material of a fission track. Although potential sites of Pb accumulation had been located by HAADF imaging, EDX was needed to identify Pb unequivocally within the columns of higher Z atoms . 
Diffraction contrast
Diffraction contrast is an outcome of coherent elastic scattering of incident electrons and enables: (1) discrimination of amorphous from crystalline regions within a foil; (2) visualization of intra-and inter-crystalline orientation differences; (3) identification of mineral inclusions by their contrasting diffraction properties to the host crystal. As it is weak or absent in STEM images, diffraction-contrast imaging is mainly exploited by bright-and dark-field TEM. For incident electrons to be Bragg-scattered (diffracted) by a crystal, one or more sets of its lattice planes must be oriented relative to the incident electron beam at the Bragg angle (typically <1º). If the crystal is oriented with a major zone axis (i.e. several sets of atomic planes) parallel to the optic axis of the microscope a high proportion of electrons will be Bragg-scattered and so a bright-field image will be dark and with little contrast. Image contrast can be increased to reveal intracrystalline microtextures, or microstructures defined by local variations in orientation or unit-cell parameters by tilting away from the zone axis (Fig. 8a) . Diffraction-contrast imaging by TEM remains the most useful technique for high magnification (although not high resolution) characterization of microstructures and microtextures (Champness, 1997; Putnis, 1992) . Amorphous regions within a crystal can be identified readily using bright-field TEM by their absence of Bragg diffraction in comparison to the crystalline host; for example, shock lamellae within silicate minerals from terrestrial impact craters and meteorites (e.g. Leroux, 2001 ) and amorphous layers on weathered silicates (Lee et al., 2008a,b) . Diffraction contrast is also the primary means of imaging twins, exsolution lamellae (e.g. Brown and Parsons, 1984; Fitz Gerald et al., 2006) (Fig. 8a) and subgrains (Lee and Parsons, 2003; Fig. 8b ). Crucially however, as the Bragg angle is so small, the technique is highly sensitive to tiny (fractions of a degree) intracrystalline orientation differences. These may arise due to elastic strain induced by precipitates, vacancies and dislocations (e.g. Leroux, 2001) or the very-fine scale intergrowths of domains formed by processes such as spinoidal decomposition (e.g. tweed orthoclase). Although such orientation sensitivity can be highly beneficial, even a slight warping of the thin sample will result in significant variations in the angle it makes with the incident beam so that the Bragg condition may be satisfied only locally, producing 'bend contours' (Fig. 8b) .
TEM phase-contrast imaging
Phase contrast is present in all (S)TEM images and is formed by the interference of electron waves that have been scattered by the sample and are out of phase. By optimizing phase over amplitude contrast, images can be obtained that contain information on the periodicity and orientations of one or more sets of atomic planes (lattice images), and that can be used to reveal the positions of atom columns. To form these high-resolution images, the area of interest should be as thin as possible (ideally <~8 nm for imaging atoms in a medium Z material at 200 kV; Williams and Carter, 1996) A detrital alkali feldspar grain from an oil reservoir in the UK North Sea; the interface between the grain and its K-feldspar overgrowth runs from the NE to SW corner of the image. In the lower right is microcline of the detrital grain that contains three small albite exsolution lamellae. Albite and Pericline twins in the microcline are highlighted by bend contours (B) in the foil. The overgrowth is in the upper left and its mottled appearance is due to a subgrain microtexture and an abundance of dislocations on subgrain boundaries.
microscope. The electron beam should also be aligned to the optic axis and a relatively large objective aperture used so that the image is formed from the direct beam, diffracted beams and electrons elastically and inelastically scattered between them. Lattice-fringe imaging uses the direct beam and one or more diffracted beams and each set of fringes in the image represents a set of atomic planes whose Bragg-scattered electrons have been accepted by the aperture. Modern TEMs can readily form such images with a <0.1 nm line resolution (Smith, 2008 ) and the technique is not as demanding on sample thickness or defocus setting as structure imaging (see below). Latticefringe images provide detailed information on local crystal structure and orientation (Fig. 9 ), but crucially, the fringes cannot usually be interpreted as direct representations of atomic planes. Nonetheless, lattice-fringe imaging is used extensively in geoscience, especially in studies of minerals with relatively large d spacings such as clays and phyllosilicates and a key application has been to visualize the orientation relationships of the constituents of finely polycrystalline samples such as mudrocks (e.g. Peacor, 1992a) . A good example of the power of lattice-fringe imaging is illustrated by Banfield and Barker (1994) , who were able to demonstrate that structural inheritance plays an important role in the replacement of amphibole by smectite during weathering (Fig. 9) .
In order to obtain high-resolution images that can be used to reveal the locations of individual atom columns or groups of columns, it is necessary to use a large objective aperture that accepts many diffracted beams. To simplify image interpretation, only beams diffracted from those atomic planes whose d spacings are greater than the point-to-point resolution of the microscope should be used. Under these conditions, images (usually series of images) can be obtained that contain a representation of the crystal structure, but in order to interpret features as atoms or groups of atoms it is necessary to use computer programmes to simulate the crystal structure expected when looking down the relevant zone axis and given the appropriate values for defocus and sample thickness (Self, 1992) . This technique is used much less frequently in geoscience than lattice-fringe imaging due to a combination of reasons   FIG. 9 . High-resolution TEM image of amphibole from a weathered gedrite gneiss that has been partially and isovolumetrically transformed to smectite, and which fills a SEÀNW oriented channel. Islands of amphibole remain between the smectite and the arrows indicate the smectite reaction front. Reprinted from Geochimica et Cosmochimica Acta, 58. Banfield, J.F and Barker, W.W. Direct observation of reactant-product interfaces formed in natural weathering of exsolved, defective amphibole to smectite: Evidence for episodic, isovolumetric reactions involving structural inheritance, 1419À1429. Copyright (1994), with permission from Elsevier.
including the specialist skills and equipment required to acquire and interpret correctly the results and limitations imposed by damage to the thin sample. One example is the characterization of fibrous inclusions in quartz. Ma et al. (2002) extracted fibres from a sample of rose quartz using HF acid, then by using a combination of electron-diffraction techniques (Fig. 10a) , X-ray analysis and high-resolution imaging (Fig. 10a,b) , they found that the fibres are very similar in crystal structure and composition to dumortierite, an Al borosilicate. It was necessary to use computer simulations to interpret correctly the crystal structures observed in high-resolution TEM images (Fig. 10a,b) . Atomic-resolution TEM imaging is significantly limited by spherical aberrations of the defocused objective (image-forming) lenses and the wavelength spread of the incident beam (producing chromatic aberration). A great deal of effort has been spent on reducing the loss of information by spherical aberration so that the specimen exit-plane wavefunction (EPWF) can be reconstructed or retrieved. Successful application of these techniques can yield sub-Å ngstrom (i.e. <0.1 nm) resolution images whereby the positions of atoms can be measured to a precision of tens of picometres (Hetherington, 2004; Houben et al., 2006; Urban, 2008 Urban, , 2009 ). One method is to acquire a series of 10À20 images at slightly different levels of objective lens defocus, each of which will contain a subtly different set of aberrations (Kirkland and Meyer, 2004) . By processing each aberrated image computationally, the EPWF can be reconstructed and atomicresolution images produced. The other way to reduce spherical aberration is to introduce lenses into the microscope column that effectively 'reverse' aberrations imposed by the objective lens. Single images containing readily interpretable atomic positions may be obtained using aberration-corrected TEMs (Kirkland et al., 2008) , and although EPWF reconstruction techniques are still often required, they are computationally more straightforward than for images obtained using non-corrected microscopes (Kirkland and Meyer, 2004; Urban, 2008 Urban, , 2009 ). The driver for sub-Å ngstrom resolution imaging has been the characterization of advanced functional materials such as superconductors (Urban, 2009) , and these techniques are unlikely to see widespread use in geoscience, especially given the stringent requirements for the thickness of a sample and its stability under the high current densities used for illuminating very small sample volumes.
(S)TEM electron diffraction
Diffraction patterns record the angular distribution of electrons that have been coherently elastically scattered by the thin sample and by <~3º. Amorphous materials produce patterns with diffuse intensity variations whereas single crystals yield periodic arrays of spots generated by Bragg scattering. Spot patterns are effectively a two dimensional section through the reciprocal lattice of the crystal and the positions of spots are determined by the separation (d spacing) of atomic planes and their orientation. The TEM based technique of selected-area electron diffraction (SAED) is used most widely in geoscience, but other methods including precession electron diffraction, convergent-beam electron diffraction and electron nanodiffraction have specific applications. For SAED, the foil is illuminated using a broad and parallel electron beam and the region from where the diffraction pattern is required is defined using the selected area aperture; the smallest area selectable is~500 nm in diameter. If one crystal is present, and oriented with several sets of atomic planes (i.e. a zone axis) at the Bragg angle relative to the incident beam, a single array of spots is formed (Figs 1b, 10a ). An SAED pattern from two or more crystals will yield superimposed patterns and a region containing many crystals in random orientations relative to each other will generate a large number of spots that merge into continuous rings (Fig. 1b) . In geoscience, SAED is used most commonly: (1) to help identify minerals and (2) to determine the orientation of the thin sample and the crystallographic orientations of grain boundaries and intracrystalline features including dislocations, twin composition planes and exsolution lamellae.
Minerals can be identified using the spacings of spots, supported by information on the angles between diffracting planes; pattern symmetry can also provide a guide to the crystal system. The SAED technique is inferior to X-ray diffraction (XRD) in the accuracy and precision of d-spacing measurements. However, with careful calibration of the camera factor (essentially the magnification of the SAED pattern) and correction for elliptical distortion, accuracies and precisions of 0.1% in d-spacing determinations can be achieved (Steeds and Morniroli, 1992; Mugnaioli et al., 2009 ). For such work, it is desirable to deposit a standard such as sputtered gold onto the thin sample to give rings of known d spacing superimposed on the diffraction pattern of the sample. Mugnaioli et al. (2009) note that although an accuracy of 0.1% is achievable, d spacings of any one crystal may vary by >0.1% owing to intracrystalline compositional heterogeneities; dehydration under vacuum and ion and electron beam damage may also modify the original d spacings of minerals including micas and phyllosilicates. To determine the approximate orientations of features in an image, crystallographic directions obtained from an indexed SAED pattern are plotted on its corresponding image (after correction for any magnetic rotation between the two). However, in order to establish the absolute orientation 'trace analysis' needs to be undertaken using several diffraction pattern-image pairs (e.g. Loretto, 1994) .
Recently, a variant of SAED termed precession electron diffraction (PED) has become commercially available and enables a much more sophisticated interpretation of spot patterns derived from single crystals. This technique requires a modified TEM and is undertaken by precessing the electron beam around the optic axis of the microscope (Jacob et al., 2009) . The resulting patterns contain spots whose intensities (in addition to d spacings and angles) can be used to undertake sophisticated crystallographic analysis including crystal-structure determinations and assessment of bonding (Avilov et al., 2007) . Electron crystallography by PED offers a clear advantage over X-ray crystallography because structure determinations can be done on much smaller crystals than can be studied effectively by X-ray diffraction (Avilov et al., 2007) . Although few suitably-equipped microscopes are currently available, the ease of use of PED coupled with the detailed information it can provide, indicates that it is likely to find many future applications in mineralogy (e.g. Jacob et al., 2009) . Convergent-beam electron-diffraction (CBED) patterns are best acquired from crystals with a low defect density and are formed using a focused electron probe (and a large condenser aperture) so that the size of the diffracting volume is essentially determined by the dimensions of the electron beam. Thus, CBED patterns can be obtained from~10 nm sized regions. The patterns contain discs of intensity, as opposed to the spots of SAED, and the structure of the discs contains a wealth of crystallographic information unobtainable by conventional SAED including point and space group (Steeds and Morniroli, 1992) ; CBED also enables crystal structure refinements (e.g. Beermann and Brockamp, 2005) . Using the very small probe available in STEM, electron nanodiffraction (END) patterns can be acquired from subnanometre sized regions of a sample (Cowley, 2004) . Again, these patterns contain discs of intensity rather than sharp spots (Fig. 11) , but are indexed in the same way as SAED patterns. Janney et al. (2000 Janney et al. ( , 2001 estimated that the error in determination of unit-cell dimensions by END was <~5%. By scanning the probe over the sample and acquiring END patterns at each point, this technique can be used to obtain nanoscale structural information (Janney et al., 2000 (Janney et al., , 2001 . A drawback of END is that the crystals cannot be tilted during experiments so that many of the patterns acquired from a polycrystalline sample will not be oriented precisely on a zone axis. As with all work using a fine probe, electron beam damage is a severe limitation, and kaolinite for example can turn amorphous in less than one second (Fig. 11) .
Geoscientists are now also making extensive use of Fourier transforms of high-resolution (S)TEM images to obtain information on orientations and spacings of atomic planes. This technique converts the periodicity of a highresolution digital image into a diffractogram that can be indexed in the same way as an SAED pattern to: (1) help identify minerals (e.g. Palenik et al., 2004; Utsunomiya et al., 2009) ; (2) confirm orientation data derived from the source image (e.g. Utsunomiya et al., 2004; ; (3) assess crystallinity (Benzerara et al., 2005) . Diffractograms are useful because they greatly reduce the complexity of the high-resolution image and so can reveal features that are hard to identify visually, but in doing so, information may be lost and consequently they are not a replacement for conventional diffraction work.
Limitations to (S)TEM work by electron beam damage
Even before (S)TEM work is undertaken, minerals may be modified by exposure to a vacuum in the ion mill, coater and (S)TEM. For example, smectite commonly dehydrates with a consequent change in its (001) layer spacings from~1.5À1.2 nm to~1.0 nm. The deleterious effects of ion bombardment were described earlier, and electron-beam irradiation can further alter thin samples by three mechanisms: radiolysis, heating and knock-on (or displacement) damage (Williams and Carter, 1996; Egerton et al., 2004) (Fig. 12) . For many minerals, electroninduced sample deterioration can be the principal limitation to the spatial resolution at which (S)TEM images, and EDX and EELS spot analyses and maps can be acquired.
Radiolysis is the ionization of sample atoms during inelastic scattering and leads to breaking of bonds, resulting in defect formation and amorphization, sputtering of atoms from sample surfaces and changes in chemistry (Fig. 12) . Heating also takes place as energy is transferred from incident electrons to sample atoms during inelastic scattering, and can be a particular problem for minerals with poor thermal conductivity (Egerton et al., 2004) . Breaking of bonds, vaporization and chemical reactions including recrystallization are common consequences of heating (Fig. 12) . Silicate minerals are very prone to radiolysis and heating, but their effects may be minimized by cooling the sample using liquid nitrogen or increasing the accelerating voltage (Williams and Carter, 1996) in addition to using a broader beam (in TEM mode), or rastered beam (in STEM mode) and reducing acquisition times for images, diffraction patterns and analyses. Knock-on damage is mainly a consequence of momentum transfer from incident electrons to atomic nuclei during high-angle elastic scattering which, despite the term 'elastic', does involve some energy loss to incident electrons. This process can lead to displacement of internal atoms, especially those of low Z, and sputtering of the more weakly bonded atoms from sample surfaces (Williams and Carter, 1996; Egerton et al., 2004) (Fig. 12) . As the magnitude of knockon damage increases with accelerating voltage and decreases with Z and strength of atomic bonds, it can be countered by reducing the kV to below the displacement threshold of sample atoms, which is >200 kV for atoms of medium to high Z, although those close to the sample surface will have a lower threshold (Egerton et al., 2004) . The susceptibility of a given sample to damage will depend on the dominant damage mechanism(s) operative within the mineral of interest and under the instrumental conditions used. However, beam damage is typically severe in hydrous minerals and those that are alkali-rich, including feldspars (e.g. Janney and Wenk, 1999; and the readily identifiable consequences are defect formation, amorphization, 'drilling' of holes (Fig. 7a,b) and changes in chemical composition (see later). Carbonates are also unstable (Reeder, 1992) , in particular those containing ions that have substituted for Ca 2+ (Barber and Wenk, 1984) , leading to the formation of dislocations and bubbles. At greater degrees of damage, carbonates can lose CO 2 , with calcite recrystallizing to CaO (lime) and dolomite recrystallizing to CaO plus MgO, probably in response to ionization of carbonate anions (Cater and Buseck, 1985) . Lee (1993) found that gypsum (CaSO 4 ·2H 2 O) readily recrystallizes in the TEM, producing hemihydrite (CaSO 4 ·0.5H 2 O), anhydrite (CaSO 4 ) and finally lime (CaO) over the space of a few minutes observation at 200 kV. This change in crystal structure indicates progressive loss of H 2 O, but as EDX showed that the Ca/S ratio also increased, SO 2 must also have been liberated (Lee, 1993) . S. found that damage can also FIG. 12. Illustrations of the various mechanisms by which a mineral can be damaged during (S)TEM work.
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M. R. LEE cause kaolinite to recrystallize to polycrystalline silica as a consequence of breakage and reforming of SiÀO bonds. Utsunomiya et al. (2009) give a very good account of the problems in trying to characterize environmental nanoparticles, some of which were extremely unstable under the electron beam.
Another electron-beam-induced artifact, which is especially problematic during EDX and EELS work, is hydrocarbon contamination (Fig. 12) . Hydrocarbon molecules may be deposited during ion milling and coating, or derived from vapour present in the microscope column, and are polymerized on the sample surface by the electron beam. This contamination can be mitigated by plasma cleaning the sample and holder prior to (S)TEM work, heating/cooling the sample, or by rastering the beam over the area of interest to 'burn' away the hydrocarbons.
Compositional analysis by (S)TEM
Incident electrons that interact with the electron clouds surrounding sample atoms are inelastically scattered and, in the process, change direction (by <~1º) and lose up to~5% of their energy. Inelastic scattering provides most of the information in EELS spectra and by exciting sample atoms also generates the X-rays for EDX. The EDX and EELS techniques both enable qualitative and quantitative determination of elemental compositions, but EELS additionally yields information on bonding and valence states. X-ray analysis of thin samples is a mature and well understood technique (Peacor 1992b ) and geoscientists with experience of analytical SEM or EPMA will be able to acquire and interpret (S)TEM X-ray analyses with little difficulty. EELS by contrast is a far more specialist method, but a very powerful tool for certain applications (Buseck and Self, 1992; Egerton, 2009 ).
X-ray analysis
Bremsstrahlung and characteristic X-rays produced during ionization of specimen atoms can be collected and their energies analysed via an energy-dispersive X-ray detector above the thin sample (Fig. 4) . Microanalysis utilizing (S)TEM-EDX differs from that of bulk materials in two important respects: (1) 100À300 kV incident electrons will generate much higher energy X-rays than 20À30 kV electrons employed by SEM/EPMA and (2) the volume of the sample from which X-rays are generated is far smaller than in a bulk material, which is a consequence of its thickness, the small incident beam diameter (quantitative analyses can be acquired from suitable samples using an~10 nm beam from a thermionic gun and an~1 nm beam from a FEG; Williams and Carter, 1996) and high electron energies (spreading of the electron beam by scattering increases with decreasing electron energy and with t 0.66 ). Spot analyses can be obtained in TEM and STEM modes although element maps and spectrum maps (in which each pixel contains all the information of an emission spectrum) require STEM (Fig. 2) .
Quantitative elemental analysis by (S)TEM-EDX is simpler than for bulk materials because, in appropriately thin samples, X-ray absorption and fluorescence can essentially be ignored (i.e. the thin samples are effectively transparent to X-rays generated within them). This is called the 'thin film criterion' (Cliff and Lorimer, 1975) . As described by Peacor (1992b) , (S)TEM-EDX can achieve detection limits of~0.1 wt.% and yield concentrations within error of those acquired from bulk samples of the same materials using EPMA. If the samples are thicker than~50À100 nm and/ or low Z elements (which produce low energy X-rays) are of interest, then the thin film criterion breaks down and corrections for absorption, and possibly fluorescence, must be incorporated in quantification procedures (Williams and Carter, 1996) . The (S)TEM-EDX technique has been used widely in geoscience, in particular for studying fine-grained rocks such as shales and slates and their constituent clays and phyllosilicates which can have considerable inter-and intracrystalline compositional variation.
Optimizing instrumental conditions for quantitative (S)TEM-EDX requires a trade-off between competing variables. In the thinnest samples, electron-beam spreading will be at a minimum, giving the highest spatial resolutions for a given probe size, but X-ray count rates will be correspondingly low, possibly necessitating relatively long counting times so that specimen drift (typically~0.5 nm min À1 ), electron-beam damage and carbon contamination may cause significant problems. Damage to the sample is identifiable by hole drilling (Fig. 7a,b) , although element loss will occur before this is observed. For example, during STEM-EDX analysis of muscovite and paragonite, Peacor (1992b) noted the loss by diffusion of K, Na and Al relative to Si, and also found rapid loss of Na and K during analysis of alkali feldspar. Janney and Wenk (1999) discuss the problems in obtaining quantitative analyses of plagioclase feldspar and the merits of various mitigation strategies including rastering the electron beam (in STEM mode), undersaturating the electron source and cooling the specimen with liquid nitrogen. Beam damage can also be alleviated by analysing thicker regions of the sample (if available), which will have the additional advantage of giving greater count rates, although electron scattering will increase, thus limiting spatial resolution, and absorption and fluorescence corrections may have to be incorporated into quantification routines. Importantly, (S)TEM-EDX work can also suffer from spurious X-rays (i.e. those derived from outside of the volume from which the analysis is sought, typically the holder or even microscope components) and analyses of thin samples may also contain X-rays from elements implanted during milling (e.g. Ar and Ga).
Electron energy loss spectroscopy (EELS)
The EELS technique quantifies the energy lost by incident electrons during ionization of sample atoms accompanying inelastic interactions, and losses range from~5 eV to 2 keV. The EELS detector is positioned beneath the sample to collect unscattered and low-angle (<1º) scattered electrons and, using a magnetic prism (Fig. 4) , separates them according to the energy they have lost. Measurements can be obtained by TEM or STEM, although STEM offers the significant advantage that analytical work can be undertaken in parallel with LAADF/HAADF imaging. The spectra obtained can be used for qualitative and quantitative analysis of elemental abundances and determination of valence states and bonding of sample atoms.
An EELS spectrum contains three energy loss regions: (1) the zero-loss peak (<5 eV), which contains the direct beam and electrons that have undergone scattering but lost little energy; (2) the low loss region (5 to 50 eV) representing ionization of outer shell electrons of specimen atoms; (3) the high loss region (50 À~2000 eV) produced by excitation of inner shell (core) electrons. The high loss region comprises a small proportion (~5%) of the net intensity of the spectrum but contains a series of sharp increases in energy loss called 'edges'. The energy loss of the edge is indicative of the element present, and information on bonding and valence states comes from subtle changes in the energy loss and the fine structure of the 30À50 eV long tail to the edge . As the intensity of the core edge of a given element is a function of the number of its atoms that are present in the illuminated volume, EELS can be used to quantify elemental compositions. Considerable processing may be required in order to identify edges against the background and quantify their intensities (Fig. 13) , but reliable data can be obtained. For example, determined   FIG. 13 . Parts of EELS spectra of g-Mg 2 SiO 4 . In plot a, the weak Si L 2,3 edge is just visible on the strongly sloping background. Plot b is a background-subtracted single spectrum acquired for 2 s. Plot c has been made from 15 gain-shifted and background-subtracted spectra. The intensities of plots b and c are ten times that of plot a. Reproduced from: Garvie, L.A.J. and Buseck, P.R. (1999) Bonding in silicates: Investigation of the Si L 2,3 edge by parallel electron energy-loss spectroscopy. American Mineralogist, 84, 946À964. With permission from the Mineralogical Society of America.
concentrations of O, N and S in <100 nm-sized carbonaceous nanospheres and nanotubes from the Tagish Lake (carbonaceous chondrite) meteorite. Using the energy loss of the C edge and its fine structure, they were also able to show that the C had long-range order and was bonded to O, N and S. Detailed information on SiÀO bonding in crystalline and amorphous silicates has also been obtained by analysis of the Si coreloss edge (Garvie and Buseck, 1999; Fig. 13 ).
The EELS technique has been used extensively for determining valence states of elements within minerals at the few nanometres scale. Elements studied include Mn (e.g. Buseck and Self, 1992; Loomer et al., 2007) , Fe (e.g. Garvie and Buseck, 1998; Heard et al., 2001; Zega et al., 2003; (Fig. 14) , Cr and Ce (Utsunomiya et al., 2007) . Garvie and Buseck (1998) (Zega et al., 2003; . Loomer et al. (2007) Loomer et al. (2007) mapped the distribution of Mn with different valence states in the Mn-rich minerals braunite and bementite by acquiring a spectrum map over a 300 nm6150 nm area at a 5 nm point spacing (and with a comparably sized probe); the acquisition time was 17 mins. Acquisition times for large spectrum maps may be considerable, over which timescales the sample is likely to have drifted significantly (although automatic drift correction can be used). When using EELS, acquisition times are much shorter in aberrationcorrected microscopes, but sample damage may be severe (Muller, 2009 tion, valence and bonding that is a true reflection of the original mineral may be challenging.
Energy-f|ltered TEM (EFTEM) imaging
This technique uses electrons from a specific region of the EELS spectrum to form an image, e.g. the zero-loss peak or one or more core-loss edges. Those images formed using the zero-loss peak will be free of inelastically scattered electrons and so this technique is especially useful for studying thick samples, TEM images from which would otherwise suffer significantly from chromatic aberration. Using the core-loss edges enables chemical imaging and this method has the major advantage over point-by-point X-ray or EELS mapping that the images can be acquired rapidly (seconds to a few minutes) and with sub-nanometre spatial resolutions (Grogger et al., 2003) . EFTEM chemical imaging has been used in applications including characterizing finely polymineralic acid mine-drainage samples (Hochella et al., 1999) , observing oxygen enrichment in the rims of meteoritic Fe-Ni metal grains and mapping the distribution of Mn and Fe within desert varnish (Fig. 15) . Moore et al. (2001) demonstrated how EFTEM could be used to differentiate augite from pigeonite via contrasts in intensity of images acquired using Mg, Ca and Fe core-loss edges; a difference between the two minerals of 2 at.% Mg was readily resolvable. Zhang and Veblen (2007) also showed how EFTEM could be used to identify few nanometre-sized regions of Ca depletion and Fe enrichment at deformation twin boundaries in augite. The downside of EFTEM imaging is that electron beam damage to the very thin samples can be severe, especially as high beam currents are required to obtain sufficient signal intensities from the narrow regions of the EELS spectra that contain core-loss edges.
Low voltage and wet STEM
It has recently become possible to acquire images of thin samples using unscattered and scattered electrons in a FEG-SEM. As the incident electrons are in a small (few nanometres diameter) probe that is rastered over the sample to form an image, this is an STEM technique, and the prefix 'low voltage' (LV) denotes the 30 kV
15. An energy-filtered transmission electron microscope image of desert varnish from the Sonoran Desert, southwestern Arizona . The image is a composite of 20 separate Fe (purple) and Mn (green) EFTEM images acquired from a FIB-produced foil. Most of the black areas of the image are silica-rich regions.
20 maximum accelerating voltage of most SEMs. Images are formed using electron detectors positioned a few millimetres beneath the thin sample and a variety of detector configurations are currently available. The simplest uses a pair of diodes, essentially an inverted backscattered electron detector (Lee and Smith, 2006) . The diode immediately beneath the thin sample intercepts the direct beam and a proportion of the scattered electrons (i.e. a form of bright-field image) whereas the offset diode will form a darkfield image from electrons scattered at high angles and in the appropriate direction (i.e. similar to HAADF STEM). The more sophisticated detectors have a bright-field diode beneath the sample and an annular dark-field detector some distance further below. In some systems the separation of the dark-field detector from the sample can be modified to change collection semi-angles, which can be up to tens of degrees (van Ngo et al., 2007) . Low-voltage STEM clearly has significant limitations in comparison to conventional high voltage (S)TEM, including: (1) the inability to acquire electron-diffraction patterns means that orientation data cannot be obtained; (2) image interpretation is complicated by the variable contributions of both diffraction contrast and Z contrast, depending on relative positions of thin samples and detectors (Lee and Smith, 2006) ; (3) there is only a very limited capability to tilt the samples. One advantage over conventional high-voltage STEM is that the lower accelerating voltages used mean that the intensity of scattering is greater, potentially giving images with superior Z contrast, and at 30 kV knock-on damage will be essentially absent. Low-voltage STEM is a technique with significant potential in geoscience because its functions are integrated with the controls of the SEM, an instrument with which most geoscientists are familiar, and it enables acquisition of images and X-ray analyses of considerably higher spatial resolutions than obtainable from bulk samples (Lee and Smith, 2006) . Bright-field LV-STEM is very effective for imaging the morphology of particles dispersed on a carbon film, for example clay mineral crystals (Fig. 16a,b) and environmental samples such as atmospheric aerosols. Dark-field imaging works well for polymineralic samples that vary little in thickness (i.e. prepared by FIB or ultramicrotome) so that Z contrast dominates the dark-field signal and such images are complementary to those obtained by TEM (Fig. 16c) , and can be comparable to STEM HAADF images acquired at the same magnification (Fig. 16d) . Some LV-STEM images can contain considerable diffraction contrast enabling individual crystals of polycrystalline samples and strain fields around dislocations to be imaged (Lee and Smith, 2006) . Van Ngo et al. (2007) have even demonstrated that lattice images of carbon nanotubes (spacing 0.34 nm) can be obtained by bright-field LV-STEM, albeit using an ultra-high resolution cold field-emission SEM with immersion optics. X-ray spectra and maps of the thin samples are readily obtainable by SEM-EDX (e.g. Zega et al., 2007; Hay et al., 2010) , and although count rates are very low, the spatial resolution of the analyses is high owing to the small interaction volumes. Acquiring good EDX analyses of thin samples when in LV-STEM holders can be considerably more difficult because the holders themselves may shield the thin sample from the X-ray detector and spurious X-rays are produced by Cu grids, the sample holder and the electron detectors.
Low-voltage STEM in an environmental SEM can be used to study materials whilst in the stability field of liquid water (Bogner et al., 2005) and images can even be acquired from a liquid film several micrometres thick (Bogner et al., 2007) . Although still in its infancy, there is considerable potential for 'wet-STEM' in geomicrobiology, for example imaging the aggregation of nanoparticles in aqueous suspension.
Conclusions
The message of this review is that the enormous potential of (S)TEM techniques for characterization of Earth and planetary materials is now readily accessible to the geoscientist. This is partly due to advancements in sample preparation, in particular the FIB technique, but also reflects the development of technologies including Zcontrast HAADF imaging and spectrum mapping using X-rays and electrons. Even the LV-STEM technique will give the geoscientist some of the advantages of thin sample analysis (e.g. high spatial resolution X-ray analysis) without the cost of conventional (S)TEM work. There are many other highly sophisticated (S)TEM based techniques that this review has not described, but have specialist applications. These include electron tomography, which enables reconstruction of the three-dimensional structure of nanoscale particles using sequences of two-dimensional images (e.g. Midgley and Weyland, 2003; Friedrich et al., 2005; Midgley and Dunin-Borkowski, 2009 ) and electron holography, which has enabled new insights into the magnetic microstructure of minerals (e.g. Feinberg et al., 2006; Midgley and Dunin-Borkowski, 2009 Scanning electron microscopy-energy-dispersive X-ray analysis STEM Scanning transmission electron microscopy/microscope (S)TEM Both scanning transmission electron microscopy and transmission electron microscopy (S)TEM-EDX Scanning transmission electron microscopy-energy-dispersive X-ray analysis TEM Transmission electron microscopy/microscope XRD X-ray diffraction Z Atomic number
